Detailed knowledge of low-energy electron emission in collisions of swift ions with solids and gases is of utmost importance for the modeling of the dose distributions and track structures at small distances (< 20 nm) in mixed radiation fields, particularly for the Local Effect Model, LEM, developed and used at GSI for the prediction of ion radiation effects in ion radiotherapy and related fields. At GSI, we have launched a project aimed at systematic investigations of the energy and angular distributions of low energy (sub-keV) electrons emitted from solids. We have commissioned an electrostatic toroidal spectrometer at the UNILAC accelerator, and we have developed a method to identify, study and analyze problems caused by the condition and constitution of the target foils and their surfaces. For this, we combined measurements of electrons emitted in collisions of low-energy electron beams (500 eV, 1 keV) with results of dedicated Monte Carlo simulations. We utilized the findings of these studies for the investigation of electrons emitted from the same targets in ion-atom collisions for the data analysis, and we report on results of our first measurements with carbon projectiles.
Introduction
The knowledge of the biological actions of heavy ions is of fundamental interest both for radiation protection-particularly the protection of astronauts against cosmic rays and proton wind-as well as for the application of particle beams in medicine like the heavy-ion tumor therapy developed in the last twenty years by the Biophysics Division of GSI Darmstadt. A recent comprehensive review on the ion radiotherapy at GSI can be found in Ref. [1] . The interaction of swift charged particles penetrating matter differs from the interaction of low-LET radiation like x and γ-rays on various levels: The energy loss of the projectile as well as the energy deposited in matter scales with the second power of the effective charge, increasing, thus, the importance of heavier ions like carbon and iron as compared to protons. The strong velocity dependence of the projectile energy loss gives rise to an inverse profile of the 'macroscopic' dose. The dose deposition is relatively low at high velocities, i.e. at the entrance to the irradiated volume, and increases moderately with increasing penetration depth. It culminates in the stopping region in the typical Bragg maximum with an unparalleled peak-to-entrance dose ratio.
For ion radiotherapy as well as for radioprotection purposes, however, another significant difference exists on the microscopic level. Swift ions dissipate their energy in numerous ion-electron collisions, with very small energy transfers and practically no effect on the ion trajectory, i.e. the angular straggling of the ions is small. For projectile energies higher than 100 keV/u, approximately (2/3) of the energy is converted into target ionization. The emitted electrons have low energy, which they dissipate in further collisions, creating a cascade of collisions with target electrons. Thus, tohal-00256639, version 1 -25 Aug 2008 gether with the primary ionization stemming from the ionic projectile, a track of high ionization density is created. The local dose within such a track increases steeply with decreasing distance to the primary ion path and can reach values exceeding the average macroscopic dose by orders of magnitude. It is this high local dose deposition, which gives rise to the increased biological effectiveness of ion radiation, apart from their absorbed dose deposition. The associated radiation effects can be calculated or at least estimated with good accuracy, using models such as LEM [1, 2] . A prerequisite, however, is the precise knowledge of the inner part of the track (below 20nm), which in turn requires the knowledge of the energy (and angular) distribution of the low-energy electrons released during the passage of the ions. Since electrons are not only released by the primary ion, but also as a result of secondary ionization, the emitted electrons are both messenger of as well as originator for the ionization, and the knowledge of their energy and spatial distributions is essential, since the ionization of tissue molecules-with the resulting dissociation and/or with the buildup of free radicals-is the base for the understanding of the biological effects of radiation, both its action as well as the radiation damage. The dimensions of interest for the biological effects range from a few micrometers (i.e. the dimensions of cell nuclei) down to a few nanometers (two DNA strands separated by this distance are the most sensitive structure). It is, thus, mandatory to understand the spatial (radial) distribution of the locally deposited dose even at very small distances, i.e. it is important to know the energy distributions of emitted electrons down to very low energies, their angular distributions, the angular straggling, as well as the mechanisms that govern the slowing down of electrons with initially higher energies.
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The radial dose distributions with fluid and/or solid-state targets cannot be directly measured for distances as small as a few nm. The available data originate from experiments that have been performed in much larger volumes, in dedicated gas counters, filled with tissue-equivalent gases at low pressure. One assumes that the observed effects scale with the density ratio of the gas and the tissue (cf. [3] for a review). The experimental data exhibit a radial fall-off of the locally deposited dose inversely proportional to the second power of the distance from the track center. The (1/r²) radial dose distribution has been corroborated by Monte Carlo simulations [4] [5] [6] and by model calculations [1, 7] . Prerequisites for the Monte Carlo simulations are the doubly differential cross sections for electron emission with respect to the electron energy and emission angle. Monte Carlo simulations are needed for all models used for ion-radiotherapy planning: both for the Local Effect Mode, LEM [1, 2] ; as well for the microdosimetry [8] It is, however, easy to imagine, that differences between gas and solids have to exist.
In gases under single collision conditions, for instance, loosely bound electrons can be ionized even at very large impact parameters with very large geometrical cross sections, since the required momentum and energy transfers are tiny. Such impact parameters are much larger than the interatomic/intermolecular distances or the lattice constant of solid-state targets. In other words, due to the much higher density, 
Experiment
We have initiated a program to systematically investigate the low energy electron emission from solids. For this, we have customized the X3-beamline at the UNILAC accelerator, and we have installed an electrostatic electron spectrometer there, which was developed by one of us, Siegbert Hagmann. Figure 1 shows the spectrometer. Since the target thickness, averaged over a larger area, is very close to the nominal one, the finding can be explained by large fluctuations of the thickness.
Since there were some visible pinholes, we can assume that the thickness fluctuations are probably as large as the nominal thickness itself.
We compared the simulated to the measured energy distributions of electrons emit- gets. In Figure 3 , we compare our results for the different targets with common simple conventional theory and with the results of our TRAX simulations. We used the modified Rutherford formula as described in Ref. [12] , which according to the authors 'works remarkably well for both soft-collisions and binary-encounter electrons.' We used the tabulated binding energies from Ref. 13 and 14 . As usual, we took solely the 'active' electrons (those with velocities smaller than the projectile velocity) into account. We calculated the evolution of projectile charge states within the targets with the Etacha code [15] , and we used the numbers to weigh the square of the charge state needed to calculate the cross sections. We used the average charge state after the target to obtain the number of projectiles from the measured Faraday cup current. We would like to emphasize that the effective charge state can vary quite strongly with the fluctuations of the target thickness.
The measured and calculated energy distributions are displayed in the left part of Fig.   3 . We see that a large fraction of the produced low-energy electrons is stopped and absorbed in the target. This explains the large discrepancies between the theory and experiment in this energy region. Even more important, we see that even the relative experimental and calculated yields do follow the same trend; the measured and cal- 
